Introduction {#sec1_1}
============

Alzheimer\'s disease (AD) is a progressive neurodegenerative disorder that is characterized by neuronal loss, extracellular deposits of amyloid β (Aβ) and intracellular accumulations of abnormally phosphorylated tau (P-tau) protein \[[@B1]\]. These features increase during the course of the disease and can be visualized upon autopsy of the brain \[[@B2]\]. However, indirect evidence of these changes can be acquired while the patient is still alive through brain imaging and cerebrospinal fluid (CSF) biomarkers. The CSF levels of total tau (T-tau) and abnormal P-tau protein are increased in AD patients, while levels of CSF Aβ42 are decreased \[[@B3]\]. A large number of studies have shown that a profile with pathological levels of these three biomarkers is highly associated with AD and development of AD in patients with mild cognitive impairment (MCI) \[[@B4]\]. At present, there are insufficient data to evaluate their accuracy in predicting incipient AD in cognitively healthy individuals \[[@B5]\]. The biomarker profile can be used in research to increase the probability that a dementing process is caused by AD, thus adding strength to further disease-specific analyses \[[@B6]\].

Apart from the above-mentioned pathological hallmarks, cerebral processes related to inflammation are highly present in AD patients. These processes may contribute to neuronal dysfunction and cell death in AD \[[@B7]\]. Epidemiological studies have shown delayed onset of AD in subjects using non-steroidal anti-inflammatory drugs \[[@B8],[@B9]\]. Data from ultrastructural studies have shown an association between brain amyloid deposits and microglia as well as astrocytes \[[@B10],[@B11]\]. Microglia are the main phagocytic immune cells in the CNS, but their role in relation to AD is not clear. Some evidence points towards an important role in the clearance of Aβ \[[@B12]\], while other evidence suggests that microglia may contribute to the build-up of amyloid plaques \[[@B13],[@B14]\]. Other theories state that microglial activation might mediate the neurodegeneration seen in the brain of AD patients \[[@B15]\]. Astrocytes have a trophic function for neurons. They can also modulate the activity of microglia and influence their reactivity to Aβ \[[@B16]\].

Biomarkers reflecting inflammatory processes may provide new ways of evaluating patients with AD. The recent finding of a missense mutation in *TREM2* that may render microglia overactive to brain amyloid pathology and increases the AD risk about 4-fold \[[@B17],[@B18]\], has raised the interest in the role of microglia in the AD process. In this study, we wanted to investigate the association between AD and three candidate inflammatory CSF biomarkers.

The enzyme chitotriosidase is secreted by activated macrophages, and patients with Gaucher\'s disease (a disease characterized by malfunctioning lysosomal storage) have increased levels in plasma \[[@B19]\]. CSF levels of the enzyme have been assessed in AD patients and nondemented controls, with increased levels found in the former group, although with an overlap between the groups \[[@B20],[@B21]\]. Another inflammatory biomarker is YKL-40 (also known as chitinase-3-like protein 1), a glycoprotein that structurally resembles chitotriosidase \[[@B22]\], and is mainly expressed in astrocytes in the brain \[[@B23],[@B24]\]. Some \[[@B24],[@B25]\], but not all \[[@B20]\], studies have found increased levels of YKL-40 in AD patients. The monocyte chemoattractant protein-1 \[MCP-1, also known as chemokine CC motif ligand 2 (CCL2)\] can be produced by microglia and is involved in the recruitment of monocytes in the central nervous system. Studies measuring the levels of MCP-1 have given contradictory results with either increased levels in patients with AD \[[@B26],[@B27]\] and MCI \[[@B26]\] or no differences between AD patients and controls \[[@B20]\]. Some of the inconsistent data may be explained by heterogeneous AD and control groups.

The aim of this study was to quantify these three inflammatory biomarkers in AD patients with a pathological profile of T-tau, P-tau and Aβ42, and in cognitively healthy controls with a normal CSF profile to detect differences between the groups in which the biomarker-supported diagnostics minimises the risk of including preclinical AD patients in the control group and patients with AD-like memory impairment but without AD neuropathology in the AD group.

Methods {#sec1_2}
=======

Study Participants {#sec2_1}
------------------

The AD and the control group were selected based on the core CSF biomarker profile in accordance with the International Work Group criteria for the diagnosis of AD \[[@B28]\] to yield highly specific clinical diagnosis with regard to neuropathological characteristics. The AD patients and controls were prospectively recruited from the Alzheimer\'s Disease and Other Cognitive Disorders Unit, Hospital Clinic, Barcelona, Spain. All subjects underwent clinical and neuropsychological assessment and lumbar puncture. Subjects with a history of stroke or seizure, parkinsonism, epilepsy or other neurological disease were not included in the study. The study was approved by the Hospital Clinic\'s ethics committee, and all participants gave written informed consent to participate in the study. Controls were healthy elderly individuals who presented no evidence of cognitive impairment (below 1.5 standard deviation) in any of the neuropsychological tests administered, and had a Mini-Mental State Examination (MMSE) score between 24 and 30 and a Clinical Dementia Rating (CDR) scale score of 0. The AD patients were diagnosed with dementia according to the DSM-IV criteria for dementia \[[@B1]\] and met the criteria of probable AD, as defined by the NINCDS-ADRDA criteria \[[@B30]\]. They had a median MMSE score of 21, which indicates mild-to-moderate dementia. Patients with AD had a positive CSF biomarker profile with low levels of Aβ42 and increased levels of T-tau and P-tau (Aβ42 \<450 pg/ml, T-tau \>500 pg/ml and P-tau \>75 pg/ml), while the controls displayed a negative profile. Demographics and clinical characteristics are given in table [1](#T1){ref-type="table"}.

Biomarker Measurements {#sec2_2}
----------------------

The chitotriosidase activity in CSF was measured using an enzymatic assay, as described previously \[[@B19],[@B20]\]. MCP-1 levels in CSF were measured using the Meso Scale Discovery technique (MSD Human MCP-1; Meso Scale Discovery, Gaithersburg, Md., USA). Levels of YKL-40 were determined using a sandwich enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Minneapolis, Minn., USA), which has been well validated in CSF \[[@B20],[@B25],[@B31],[@B32]\]. CSF Aβ1-42 (called Aβ42 in this study) was quantified with a sandwich ELISA (Innotest β-amyloid~1-42~; Innogenetics, Ghent, Belgium) using a monoclonal antibody specific of the 42nd C-terminal amino acid on Aβ for capture and a biotinylated monoclonal antibody specific of the first five N-terminal amino acids for detection, as described previously in detail \[[@B33]\]. CSF levels of T-tau were determined with a sandwich ELISA using monoclonal capture antibodies (Innotest hTAU-Ag; Innogenetics), as presented previously \[[@B34]\]. Levels of tau phosphorylated at threonine 181 (P-tau) were measured with a sandwich ELISA (Innotest Phospho-Tau\[181P\]; Innogenetics), as described previously in detail \[[@B35]\].

All measurements were performed in one round of analyses using one batch of reagents by board-certified laboratory technicians who were blind to the clinical characteristics of patients and controls. Intra-assay coefficients of variation were below 10%.

Statistical Analyses {#sec2_3}
--------------------

The software SAS version 9.3 (SAS Institute Inc., Cary, N.C., USA) was used for statistical analysis and graphs, together with GraphPad Prism 5 (GraphPad Software Inc., La Jolla, Calif., USA). Since data were skewed, group comparisons were made using the Mann-Whitney U test. Correlations were examined using Spearman rank correlation coefficient test. A p value \<0.05 was considered statistically significant. Receiver operating characteristic (ROC) curves for the differentiation of AD patients and controls were constructed, and the area under the ROC curve (AUROC) was calculated for the individual markers.

Results {#sec1_3}
=======

Biomarker Levels {#sec2_4}
----------------

Patients with AD had significantly higher CSF levels of chitotriosidase (133% increase) and YKL-40 (77% increase) compared with controls (table [1](#T1){ref-type="table"}, fig. [1](#F1){ref-type="fig"}). Levels of MCP-1 were not significantly different between groups. The significant group differences for chitotriosidase and YKL-40 remained also when outliers were removed from the groups (data not shown).

Correlations {#sec2_5}
------------

Correlations between biomarkers, age and MMSE scores are shown in table [2](#T2){ref-type="table"}. There were significant correlations between MCP-1 and YKL-40 in both AD patients and controls (r = 0.53, p \< 0.01 and r = 0.64, p \< 0.01, respectively). No biomarker, except for T-tau in controls (r = 0.40, p \< 0.05), correlated significantly with age. In addition, no biomarker correlated with MMSE score.

ROC Analysis {#sec2_6}
------------

ROC plots for the biomarkers are shown in figure [2](#F2){ref-type="fig"}. The AUROC was 0.78 \[95% confidence interval (CI) 0.65-0.91\] for chitotriosidase, 0.88 (95% CI 0.78-0.98) for YKL-40 and 0.61 (95% CI 0.45-0.77) for MCP-1 for discriminating AD patients from controls.

Discussion {#sec1_4}
==========

Today, there are three CSF biomarkers, T-tau, P-tau and Aβ42, which have proven to be strongly associated with AD \[[@B4]\]. New biomarkers are important to improve the diagnosis and prediction as well as follow-up of AD patients. In this study, we evaluated inflammatory CSF biomarkers and found that patients with AD had higher levels of chitotriosidase and YKL-40 compared with controls, while the levels of MCP-1 were similar between the groups.

We confirmed earlier reported differences in CSF chitotriosidase levels between AD patients and controls \[[@B20],[@B21]\]. Even though there was an overlap in the biomarker levels between the groups, it was not as prominent as could be seen in one of the previous studies \[[@B20]\]. This is most likely due to the fact that in the present study, patients were included if having a positive CSF AD biomarker profile, which increases the certainty of including patients with AD pathology in the AD group and excluding patients with this pathology in the control group. This gives more reliable and biologically relevant results. The approach of biomarker-supported AD diagnostics is also in line with recently proposed revised criteria for AD \[[@B28]\].

Similar reasoning applies to studies of YKL-40. Two previous studies report elevated CSF levels of YKL-40 in AD patients in early disease stages \[[@B24],[@B36]\]. In both of these studies, Aβ42 and T-tau were used for selecting patients. Another study found elevated levels in AD patients but not in MCI patients with incipient AD \[[@B25]\]. However, upon stratification according to an AD-indicative profile of Aβ42 and T-tau, higher levels of YKL-40 were found in MCI patients who developed AD, compared with stable MCI patients with a normal profile. We corroborate these findings by presenting elevated YKL-40 levels in AD patients. In another study in which biomarker criteria were not applied in the selection of patients, no differences in YKL-40 levels were found between AD patients and controls \[[@B20]\]. Here, YKL-40 achieved an acceptable AUROC of 0.88.

The findings of unaltered MCP-1 levels in AD patients compared with controls are in line with some earlier findings \[[@B20]\], while other studies have found increased levels in AD patients \[[@B26],[@B27]\]. Further studies are needed to clarify these discrepancies. A potential confounding factor may be the age of the participants. One study found that AD patients had increased levels of MCP-1 compared with controls, but that the levels correlated with age, and the subjects in the AD group were older than the controls \[[@B37]\]. Moreover, when comparing different methods for MCP-1, suboptimal correlations have been seen \[[@B20]\]. This could either be an indication that the methods detect different fragments of the protein or that there is a need for harmonization of MCP-1 methods. Thus, the divergent results across studies may depend on assay selection.

No inflammatory biomarker correlated with MMSE. The AD patients were older than the controls. However, this probably had no major effect on the results, since no inflammatory biomarker correlated with age. There were no correlations between inflammatory and core AD biomarkers, which indicates that they can provide independent information.

One shortcoming of the study was that only patients with AD were included in the disease group. Hence, we cannot determine the ability of these biomarkers to discriminate AD from other neurodegenerative diseases.

Conclusion {#sec1_5}
==========

Patients with AD had higher CSF levels of the inflammatory biomarkers chitotriosidase and YKL-40 compared with controls, while the levels of MCP-1 were similar between the groups. These findings indicate that chitotriosidase and YKL-40 may be used for evaluating inflammatory activity in AD patients.
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###### 

Clinical characteristics and comparisons of biomarker values between AD patients and controls

                                    AD                                   Controls                             p values
  --------------------------------- ------------------------------------ ------------------------------------ ----------
  Age                               67.15 (59.90--74.31)                 60.56 (56.74--63.90)                 
  Gender, n (male/female) ApoE, %   9/16                                 9/16                                 
   ε 2/3                            4                                    4                                    
   ε 3/3                            36                                   96                                   
   ε 3/4                            48                                   0                                    
   ε 4/4                            12                                   0                                    
  MMSE                              21.00 (18.00--24.00)                 29.00 (28.00--30.00)                 
  Chitotriosidase, nkat/l           2.89 (1.39--3.84)                    1.24 (0.73--1.68)                    0.0007
  MCP-1, pg/ml                      613.00 (537.00--722.00)              569.00 (474.00--645.00)              n.s.
  YKL-40, ng/ml                     199,211.00 (165,877.00--25,572.00)   112,631.00 (83,709.00--138,258.00)   \<0.0001
  Aβ42, pg/ml                       326.00 (273.70--370.00)              750.00 (663.92--851.10)              \<0.0001
  T-tau, pg/ml                      873.50 (713.90--1,059.90)            206.50 (155.89--240.66)              \<0.0001
  P-tau, pg/ml                      121.70 (100.68--144.85)              46.40 (40.50--59.00)                 \<0.0001

Values are medians with interquartile ranges in parentheses, except where otherwise indicated. ApoE = Apolipoprotein E; n.s. = not significant.

###### 

Correlations between biomarkers, gender and age

  AD                Controls                                                                                                                                                                                                               
  ----------------- --------------------------------------- --------------------------------------- --------------------------------------- --------------------------------------- ------ --------------------------------------- ------- ----------------------------------------
  T-tau                                                     0.75[^c^](#T2F3){ref-type="table-fn"}   0.58[^b^](#T2F2){ref-type="table-fn"}   0.17                                    0.18   0.31                                    0.13    0.40[^a^](#T2F1){ref-type="table-fn"}
  P-tau             0.82[^c^](#T2F3){ref-type="table-fn"}                                           0.74[^c^](#T2F3){ref-type="table-fn"}   0.19                                    0.21   0.34                                    0.24    0.09
  Aβ42              0.35                                    0.26                                                                            0.15                                    0.26   0.15                                    0.19    0.02
  MCP-1             0.00                                    0.17                                    0.11                                                                            0.06   0.64[^b^](#T2F2){ref-type="table-fn"}   −0.26   0.31
  Chitotriosidase   0.33                                    0.29                                    0.06                                    0.21                                           0.21                                    0.33    0.25
  YKL-40            0.12                                    0.10                                    0.36                                    0.53[^b^](#T2F2){ref-type="table-fn"}   0.22                                           −0.07   0.25
  MMSE              −0.08                                   0.09                                    −0.13                                   0.33                                    0.09   −0.18                                           −0.60[^b^](#T2F2){ref-type="table-fn"}
  Age               −0.39                                   −0.24                                   0.09                                    0.24                                    0.15   0.27                                    0.18    

p \< 0.05

p \< 0.01

p \< 0.0001.
